Explicit memory may depend on the hippocampus, whereas the amygdala may be part of an emotional memory system. Priming stimulation of the basolateral group of the amygdala (BLA) resulted in an enhanced long-term potentiation (LTP) in the dentate gyrus (DG) to perforant path (PP) stimulation 30, 90, 150, and 180 min after high-frequency stimulation (HFS). Exposure of rats to a behavioral stress is reported to inhibit DG LTP. Because the amygdala is thought to mediate emotional responses, we examined the apparent discrepancy between the effects of behavioral stress induced 1 hr before HFS to the PP and of amygdala priming on hippocampal plasticity by stimulating the BLA 1 hr before HFS to the PP. The two delayed protocols inhibited the expression of LTP to PP stimulation, whereas priming the BLA immediately before HFS to the PP enhanced DG LTP. Moreover, exposure to the behavioral stress blocked the enhancing effects of BLA priming on LTP. We propose that the activation of the BLA (either by behavioral stress or by direct electrical stimulation) has a biphasic effect on hippocampal plasticity: an immediate excitatory effect and a longer-lasting inhibitory effect.
The amygdala is a part of the brain system that ensures that memories of significant experiences are well retained (McGaugh, 1989 (McGaugh, , 1990 McKernan and Shinnick-Gallagher, 1997; Rogan et al., 1997) . It is suggested that when memories stored through both the amygdala and hippocampus are retrieved, they have a different "flavor" than when only the hippocampal system is involved. This dual activation of the amygdala and hippocampus may be what gives emotional memories their special quality (for review, see LeDoux, 1993) .
There is abundant evidence that emotional stress can either improve or impair learning depending on the severity and context. Many of the hormones secreted during emotional stress (e.g., glucocorticoids and norepinephrine) affect learning and memory processes (Anisman and Bignami, 1978; Martinez et al., 1981) . The role of the hippocampus is of particular interest in this respect, because the hippocampus is both important in some aspects of memory and has the highest concentration of both types of corticosterone receptors in the brain (for review, see McEwen et al., 1986; McEwen and Sapolsky, 1995) .
Tetanic stimulation of circuits within the hippocampus can lead to long-term potentiation (LTP) (Bliss and L omo, 1973) , which is thought to model some aspects of learning and memory (Bliss and Collingridge, 1993) . A potential relationship between behaviorally induced stress and hippocampal LTP has been reported in several experiments in which the induction of LTP was inhibited after restraint and inescapable tail shock (Diamond and Rose, 1994; Shors and Dry ver, 1994; K im et al., 1996; Shors et al., 1997) or after an exposure to a novel environment (Xu et al., 1997) .
The amygdala is considered central in mediating responses to emotional stress (Davis, 1992; LeDoux, 1992) . Lesions of the medial amygdala greatly reduced restraint-induced activation of cells of the medial paraventricular nucleus, responsible for the secretion of corticotropin-releasing factor (Dayas et al., 1999) . It has been suggested that the amygdala, and in particular the basolateral amygdala complex (BLA), modulates hippocampusdependent memory storage (Packard et al., 1994; Roozendaal and McGaugh, 1996) . The BLA projects to the entorhinal cortex and dentate gyrus (DG) (Thomas et al., 1984) . Furthermore, injection of NMDA into the amygdala induces c-fos expression in the DG (Packard et al., 1995) . An intact BLA is required for memorymodulating processes initiated by infusion of drugs administered into the hippocampus (Roozendaal and McGaugh, 1997) . Lesions of the BLA, but not the central nucleus, attenuated the induction of population spike LTP in the DG in vivo (Ikegaya et al., 1994) . Furthermore, conditioning stimulation of the ipsilateral BLA applied simultaneously with a subthreshold tetanic stimulation of the perforant path (PP) potentiated LTP induction in the DG (Ikegaya et al., 1995) . Because behavioral stress impairs LTP, it could be expected that priming the BLA, which is assumed to mediate some aspects of stress (Goldstein et al., 1996) , would also impair LTP. However, the contrary has been reported. This apparent discrepancy may be important in understanding the neural mechanisms underlying the emotional modulation of declarative memory. We thus set out to characterize the interactions between emotional stress, the stimulation of the BLA, and their influence on hippocampal neuronal plasticity.
MATERIALS AND METHODS Animals
Adult, male Sprague Dawley rats, weighing 250 -300 gm from Harlan (Jerusalem, Israel) were maintained five per cage on a 12 hr light /dark cycle with water and laboratory rodent chow ad libitum. Tests were conducted during the last 6 hr of the light cycle.
Behavior
Underwater trauma. The water maze (Morris, 1984) consists of a pool of water (diameter, 1.7 m; 50 cm high rim). For the spatial learning task a 12 ϫ 12 cm escape platform was hidden with the top surface 2-3 cm below the water level at one of four positions in the pool. The swim path of the rat was recorded manually, and the escape latency was measured using a stopwatch (Richter-Levin and Segal, 1991) . Rats were given two blocks of three trials each per day for 5 d followed by a 1 min quadrant analysis test with no escape platform in the maze (Richter-Levin et al., 1994) .
The underwater procedure was developed to evaluate the effects of the trauma on memory in the context of the trauma (Richter-Levin, 1998). The 5 d of training in the water maze are aimed to create a "safe" or familiar environment for the animals. Holding them underwater in this safe context is expected to magnif y the aversive effects of the stressor.
On the sixth day, rats in the trauma group were allowed to swim for 1 min and then held under water for 30 sec using a special metal net (Richter-Levin, 1998) . After the procedure, rats were immediately anesthetized and taken for electrophysiological testing.
Platform e xposure. Animals were placed on a platform (12 ϫ 12 cm) located 2-3 cm below the water level in the center of a water maze for 10 min in a brightly lit room. After the procedure, rats were immediately anesthetized and taken for electrophysiological testing.
Electrophysiolog y
Surg ical procedure. Rats were anesthetized (40% urethane and 5% chloral hydrate in saline, 0.5 ml /100 gm, i.p.), and mounted in a Stoelting (Wood Dale, IL) stereotaxic frame. The scalp was incised and retracted, and head position was adjusted to place bregma and lambda in the same horizontal plane. Small burr holes (2 mm diameter) were drilled unilaterally in the skull for the placement of recording and stimulating electrodes.
A recording microelectrode (glass; tip diameter, 2-5 m; filled with 2 M NaC l; resistance, 1-4 M⍀) was placed in the DG (coordinates: 4 mm posterior; 2.5 mm lateral to bregma; depth adjusted to yield largest EPSP response to stimulation of the PP).
A bipolar 125 m stimulating electrode was implanted in the ipsilateral PP (coordinates: 8 mm posterior; 4 mm lateral to bregma; depth adjusted to yield maximal response of the DG).
In the BL A groups, a second stimulating electrode was implanted in the ipsilateral BL A (coordinates: 3 mm posterior; 5.3 mm lateral to bregma; depth, 7.4 mm).
Baseline stimuli to the PP (monopolar pulses, 100 sec duration, intensity adjusted to yield a population spike of 30 -50% of the maximal pretetanus value) were delivered at 0.1 Hz. After positioning the electrodes, the rat was left for 20 min before commencing the experiment.
Evoked responses were digitized (10 kHz) and analyzed using a C ambridge Electronic Design (C ambridge, UK) 1401ϩ interface and its Spike2 software. Off-line measurements were made of the slope of the EPSP using averages of five successive responses to a given stimulation intensity applied at 0.1 Hz.
LTP was measured as an increase in EPSP slope. The EPSP slope was measured as a percentage of baseline value immediately before the tetanus. During the course of the experiment, body temperature was monitored and maintained at 37 Ϯ 0.5°C by a feedback-regulated heating pad.
LTP induction. LTP was induced by a "theta"-like high-frequency stimulation (HFS) to the PP (three sets of 10 trains; each train consisted of 10 pulses at 100 Hz; intertrain interval, 200 msec; interset interval, 1 min). The BL A group received a priming stimulation (10 trains of five pulses at 100 Hz; intertrain interval, 200 msec) 30 sec before HFS to the PP was applied. The 1 hr BL A group received a similar pattern of stimulation (10 trains of five pulses at 100 Hz; intertrain interval, 200 msec) but 1 hr before the HFS to the PP. Field potentials were recorded from the DG at 30, 90, 150, and 180 min after the HFS to the PP.
Histolog y. Histological verification of the stimulating electrode location was performed on all the rats that were implanted with a stimulating electrode in the BL A.
After electrophysiological testing, marking lesions were made by passing anodal currents (10 mA for 3 sec.) to the metal bipolar stimulating electrode. Brains were removed, post-fixed over three nights in formaldehyde (10%), and sectioned (120 m) on a sledge microtome. The sections were mounted on gelatin-coated slides, stained in cresyl violet, dehydrated, and coverslipped. The electrode tract and lesion locations were then identifiable under a light microscope (Akirav and RichterLevin, 1999) . The placements of the electrode tips located in the BL A are shown in Figure 1 .
Statistical analysis
LTP was assessed using 8 ϫ 5 (treatment ϫ time after HFS) overall mixed ANOVA with least significant difference multiple-comparison post hoc test. Figure 2 . Effects of behavioral stress on DG LTP. The increase in EPSP slope was measured as a percentage of baseline value immediately before the tetanus. Field potential recordings were taken 30, 90, 150, and 180 min after the application of HFS to the PP. In the HFS group (n ϭ 10) HFS (3 sets of 10 trains, each one consists of 10 pulses at 100 Hz) was applied to the PP. The non-HFS group (n ϭ 6) animals received only test stimulation over the same duration. In the stress groups (Platform, n ϭ 9; UWT, n ϭ 8) HFS was applied to the PP 1 hr after the exposure to the stressor. A comparison across the groups before HFS to the PP did not show a significant difference in the levels of LTP, indicating a similar baseline. There was a significant difference between the HFS group and the non-HFS group at all the times tested. Both stressors significantly inhibited LTP compared with the HFS group 30 min after HFS. However, from 90 min after HFS onward for the UW T group and from 150 min onward for the platform group, there was no significant difference (*significant difference between the HFS group and all the other groups; # significant difference between the HFS group and the non-HFS and the platform groups; $ significant difference between the HFS and the non-HFS groups). In the HFS group the level of potentiation at 30 min after HFS was significantly different from zero, whereas the level of potentiation in the stressed animals was not. 
RESULTS
Eight groups were tested: (1) HFS (n ϭ 10): the rats were anesthetized and taken for an electrophysiological test of plasticity in the DG (i.e., received HFS to the PP); (2) non-HFS (n ϭ 6): the rats were anesthetized and then received only baseline stimulation over the same duration of time as the other groups; (3) platform (n ϭ 9): after spending 10 min on a platform, the rats were anesthetized and taken for an electrophysiological test of plasticity in the DG; (4) underwater trauma (UW T) (n ϭ 8): after exposure to an underwater trauma, the rats were anesthetized and taken for an electrophysiological test of plasticity in the DG; (5) BL A priming (n ϭ 8): a tetanic stimulation of the BLA was applied 30 sec before HFS to the PP in anesthetized rats; (6) 1 hr BLA (n ϭ 7): a tetanic stimulation of the BL A was applied 1 hr before HFS to the PP in anesthetized rats; (7) platform-BLA (n ϭ 7): after the platform exposure rats were anesthetized and 1 hr later received a priming stimulation to the BL A 30 sec before applying HFS to the PP; and (8) UW T-BL A (n ϭ 8): after the exposure to the underwater trauma rats were anesthetized and 1 hr later received a priming stimulation to the BL A 30 sec before applying HFS to the PP.
Similar stimulus intensities were applied (F (7, 55) ϭ 1.9; p Ͼ 0.05), and a comparison between the groups before tetanization did not reveal a significant difference in EPSP slope (F (7,55) Ͻ 1; NS) indicating a similar baseline.
A significant post-HFS within-group time effect on LTP was found (F (1,55) ϭ 53.29; p Ͻ 0.001), but the interaction between treatment and time was not significant, indicating that there was no difference between groups in this respect. In contrast, there was a significant treatment effect on LTP (F (7,55) ϭ 5.28; p Ͻ 0.001), which was f urther analyzed.
LTP in the DG
The level of potentiation in the HFS group was significantly different from zero at all the times tested ( Fig. 2 ; 30 min, t (9) ϭ 5.09; p Ͻ 0.001; 90 min, t (9) ϭ 5.12; p Ͻ 0.001; 150 min, t (9) ϭ 4.5; p Ͻ 0.01; 180 min, t (9) ϭ 5.04; p Ͻ 0.001). Because there was a significant increase in the levels of LTP over time, we included a non-HFS group that received only test stimulation over the same duration of time as the HFS group. There was a significant difference in the level of potentiation between the HFS and the non-HFS groups at all the times tested ( post hoc comparisons: 30 min, p Ͻ 0.01; 90 min, p Ͻ 0.05; 150 min, p Ͻ 0.05; 180 min after HFS, p Ͻ 0.05). Furthermore, the level of potentiation in the non-HFS group was not significantly different from zero at any time point.
Effects of behavioral stressors on LTP
Both behavioral stressors (exposure to platform or the UWT) significantly inhibited LTP relative to the HFS group 30 min after HFS (Figs. 2, 3 ; post hoc comparisons: 30 min, UWT, p Ͻ 0.01; platform, p Ͻ 0.01; 90 min, platform, p Ͻ 0.05). However, from 90 min onward (for the UWT group) and from 150 min onward (for the platform group) there was no significant difference between the groups.
The level of potentiation at 30 min after HFS was significantly different from zero in the HFS group but not in the UWT and the platform groups.
Effects of BLA priming on LTP
Priming stimulation of the BLA significantly increased LTP relative to the HFS group at all times tested (Fig. 4 A; The results confirm previous reports indicating BLA modulation of DG LTP (Ikegaya et al., 1995; Akirav and Richter-Levin, 1999) .
Effects of BLA stimulation 1 hr before the application of HFS to the PP on LTP
To even the temporal profile of the behavioral and electrophysiological procedures, the BLA was primed 1 hr before applying HFS to the PP (1 hr BLA group). Stimulating the BLA 1 hr before the application of HFS to the PP had no effect on baseline EPSP levels either at 1 min or at 1 hr after BLA stimulation (before the application of HFS to the PP; Fig. 4 B) .
Spaced activation of the BLA (1 hr BLA) significantly decreased the levels of LTP compared with BLA priming at all the times tested (Fig. 4 A; PP (A, D, G) , at 30 min after HFS (B, E, H ), and at 180 min (C, F, I ) of HFS, platform, and BLA groups respectively, show the main effects of behavioral stress and of BL A priming on DG LTP. In the HFS group, LTP was significant both at 30 min ( B) and 180 min ( C). Behavioral stress temporally inhibited the expression of LTP at 30 min ( E), but at 180 min ( F) LTP was similar to control. In contrast, BL A priming enhanced the level of potentiation both at 30 min ( H ) and at 180 min ( I ).
BLA and the HFS group at 90 min after HFS and onward. In addition, there was no significant difference between the 1 hr BLA and the behavioral stress groups at any of the times tested. Moreover, the level of potentiation in the 1 hr BL A group was not significantly different from zero, thus resembling the effects of behavioral stress. 
Effects of the combined treatments on LTP

DISCUSSION
Both behavioral stressors significantly inhibited the expression of LTP at 30 min after HFS compared with a control (HFS) group. These results are compatible with those observed in other models of stress (Diamond et al., 1994; Xu et al., 1998) . However, reports in the literature examined the effects of stressors on LTP in the anesthetized rat only for 30 or 60 min after HFS. Recording the field potentials 3 hr after HFS to the PP showed that although LTP levels were inhibited 30 min after HFS, from 90 min and onward LTP levels recovered and were no longer different from the HFS group. A possible explanation is that in the stressed animals HFS to the PP did induce LTP, but the LTP was masked rather than inhibited at 30 min after HFS. Because there was no similar recovery in animals that received just the test stimulation (the non-HFS group), the mere passage of time cannot account for these effects.
The UWT was held in a safe or familiar context for the animals (because they were trained in the water maze for 5 d for a controllable spatial learning task); thus this stressor may potentially have more aversive effects on the animals than the exposure to platform. In addition, the UWT was found to have both short-term (1 hr) and long-term (3 weeks) behavioral and electrophysiological consequences (Richter-Levin, 1998). The UWT did not cause any noticeable physical harm that could explain the effects seen, because in a previous study we found that the UWT impaired the performance in a spatial learning task in the water maze after the trauma, whereas out-of-context UWT (in a different water container in a different room) had no effect on performance (Richter-Levin, 1998) .
The UW T procedure involves a spatial learning component, which may have interacted with the effects of the stress. However, previous reports suggest that training in the water maze on a spatial learning task is not associated with LTP reduction in the DG (Jeffery and Morris, 1993) . Moreover, the exposure to the platform, which did not involve a spatial learning com- Figure 4 . BLA stimulation effects on DG LTP. A, In the BL A Priming group (n ϭ 8), a stimulation to the BL A (10 trains of 5 pulses at 100 Hz) was applied 30 sec before HFS to the PP. In the 1 hr-BL A group (n ϭ 7), a stimulation to the BLA (10 trains of 5 pulses at 100 Hz) was applied 1 hr before HFS to the PP. Priming stimulation of the BL A significantly increased LTP compared with the HFS and the 1 hr-BL A groups at all times tested (*significant difference between the BL A priming group and the two other groups; # Significant difference between the HFS and the 1 hr-BLA groups). A comparison between the groups before HFS to the PP did not reveal a significant difference in the levels of the EPSP, indicating a similar baseline. B, The spaced activation of the BL A had no effect on baseline EPSP levels either at 1 min or at 1 hr after BL A stimulation (before HFS to the PP). Figure 5 . Changes in LTP af ter combined exposure to platform and BL A priming. Previous exposure to the platform completely blocked the enhancing effect of BL A priming on LTP (*significant difference between the BL A priming group and the other groups; # significant difference between the platform-BL A group and the HFS and BLA priming groups). A comparison between the groups before HFS to the PP did not reveal a significant difference in the levels of the EPSP, indicating a similar baseline.
ponent, showed the same effects on synaptic plasticity in the DG as the UW T.
Psychological stress and stress-induced levels of glucocorticoids disrupt hippocampal LTP (Pavlides et al., 1993) . It is thus possible that increased glucocorticoid levels mediate the UW T and the platform procedure effects.
The inhibiting effect of the spaced activation of the BLA or of previous exposure to stress on DG LTP may be looked at as a form of metaplasticity, i.e., a dormant plasticity, which becomes apparent only when attempting to modif y synaptic strength (Abraham et al., 1997) . Metaplasticity may serve as a way for synapses to integrate a response across temporally spaced episodes of synaptic activity and by this may be important for the establishment of some aspects of memory (Abraham et al., 1997) . Indeed, studies examining the effects of post-training treatments on memory suggest that the amygdala may be involved in orchestrating the interactions of hormonal and transmitter systems in their influences on the storage of information (McGaugh, 1990) .
The present work provides evidence that there is a substantial difference between the activation of the amygdala in proximity to the stimulation of the PP and to activation that is more spaced in time. Priming the BL A enhanced synaptic plasticity, whereas the spaced activation of the BL A inhibited LTP. Furthermore, previous exposure to behavioral stress blocked the enhancing effects of BL A priming on LTP. Thus, the results raise a possible biphasic model for the involvement of the amygdala in emotionally influenced memory.
The first phase is a fast one: it is activated within seconds, and its influence lasts for a short period. The effects of this stage on hippocampal excitability are mostly facilitatory.
The second phase takes more time to develop, and its influence is longer lasting. The effect of this phase on hippocampal excitability is mostly inhibitory.
Present results in view of the proposed model
In animals that were exposed to the behavioral stressor HFS was applied 1 hr after the stressor, thus under the influence of the second, inhibiting phase (Fig. 7A) . Therefore, after stress we found reduced levels of LTP. According to the model, the stimulation of the BLA first activates the fast phase and then the second, slow phase. Applying HFS to the PP in proximity to the Figure 6 . Changes in LTP after combined exposure to UW T and BL A priming. Previous exposure to the UW T completely blocked the enhancing effect of BLA priming on LTP (*significant difference between the BLA priming group and the two other groups; # significant difference between the UWT and the UW T-BL A groups). A comparison between the groups before HFS to the PP did not reveal a significant difference in the levels of the EPSP, indicating a similar baseline. Figure 7 . Present results in view of the proposed model (see Discussion for details). T wo phases of hippocampal modulation by the BLA are suggested: a fast, short-living excitatory phase (triangle) and a slow, longer-lasting inhibitory phase (brok en line). A, In animals that were exposed to the behavioral stressor, the attempt to induce LTP was performed 1 hr after the stressor and thus was under the influence of the second inhibiting phase. Hence, LTP was inhibited. B, Applying HFS to the PP in proximity to the stimulation of the BL A (PP1) resulted in high levels of LTP, because the hippocampus was under the influence of the first facilitatory phase. The stimulation of the PP 1 hr after BLA priming (PP2) was under the influence of the already active slow inhibitory phase. Thus, similarly to the effects of emotional stress, LTP was inhibited. C, When an animal was exposed to a stressor 1 hr before the stimulation of both the BL A and the PP, the hippocampus at the time of the HFS was under the influence of the second inhibitory phase, activated by the stressor. The inhibitory mechanism dominated the BL A-induced fast phase and inhibited the enhancing effects of BL A priming on LTP. stimulation of the BL A results in high levels of LTP, presumably because the hippocampus is under the influence of the first facilitatory phase (Fig. 7B, PP1 , the first point of stimulation to the PP).
The stimulation of the PP 1 hr after BL A priming (Fig. 7B,  PP2) was induced under the influence of the already active slow inhibitory process. Thus, similarly to the effects of emotional stress, LTP was inhibited.
When an animal was exposed to a stressor 1 hr before the stimulation of both the BL A and the PP (Fig. 7C) , the hippocampus, at the time of the HFS, was under the influence of the second inhibitory phase, activated by the stressor. According to the results, the stressor dominates the BL A priming and inhibits both the expression of LTP and the excitatory effects of BL A priming.
Summary
The amygdala has a biphasic effect on hippocampal plasticity: an immediate excitatory effect and a long-lasting inhibitory effect.
Recent studies (Morris and Frey, 1997) point to intracellular mechanisms that enable transient synaptic changes to be stabilized if they occur in close temporal proximity to important events. The emotionally activated amygdala in its fast excitatory phase may serve as a marker for important events, processed by the hippocampus, to be stabilized and thus remembered. The activation of the slower inhibitory phase may be beneficial to reduce masking effects of following events during the initial consolidation stage. This dual effect of the amygdala on hippocampal plasticity, which may subserve memory formation under normal conditions, may become disadvantageous under extreme stress conditions, because it may impair aspects of memory consolidation.
